This paper presents a comprehensive all-weather-condition evaluation of a dual microwave radar vehicle detection system at a highway-rail grade crossing equipped with four quadrant gates (quad gates). The weather conditions ranged from favorable (normal) conditions to adverse conditions that included rain (light and heavy), snow (light and heavy), fog, and wind. Initial assessment of the adverse weather performance revealed that the system generated higher-than-acceptable error rates mostly in heavy rain (false calls > 30%) and heavy snow (system-wide missed calls > 11%). Detailed feedback was provided to the vendor for a re-modification of the system parameters. Then, a comparison between the before and after re-modifications was made using more than 110,000 radar activations and close to 450 hours of data. Detection errors were visually verified by an observer using video recordings. Final results showed that the re-modified setup not only reduced the frequency of errors in heavy rain and heavy snow conditions, but also maintained a desirable performance in the other weather conditions (including light rain and light snow). There were no system-wide missed calls, stuck-on calls, or dropped calls, and at most 2.6% of false calls only in heavy rain conditions. The year-round final performance in the tested installation showed under 1% of error in good weather and up to 2.6% during specific periods of adverse weather. Performance of such a detection system at grade crossing with more than three railroad tracks and/or more than one lane highway per direction is recommended. Also, it is recommended to do further system performance monitoring at other locations before the system is implemented as the primary gate control mechanism for grade crossings equipped with quad gates. Medina, J.C. and Benekohal, R.F.
INTRODUCTION
potential for disruption due to ice, snow, or water particles. As a reference, the radar units evaluated at intersections in (7) were located on the mast arm of the receiving lanes at a distance of over 100 ft from the detection zones.
2) A dual system with identical units aiming at the same detection areas (from opposing quadrants), provide redundancy and thus minimize the probability of missing vehicles. This is a critical requirement for grade crossing applications because one single missed call may represent a severe, costly, and high profile accident.
The goal and objective of this paper is to perform a comprehensive evaluation of the performance of a microwave vehicle detection system at a quad-gated location in Hinsdale, IL (a suburb of Chicago) in all-weather conditions. In this paper, we are particularly interested in the year-round operation of four-quadrant gate warning systems (i.e. quad-gates), including periods of severe rain and snow conditions in addition to the favorable (normal), foggy, and windy conditions.
The remaining of the paper briefly describes the test site, the microwave radar system, and the data collection setup, followed by the methodology that ensured an accurate evaluation. Then, the process followed during the evaluation is presented, including adjustments to the radar system settings over a span of two years. The final performance is contrasted with that at intermediate points in the evaluation, highlighting that the ultimate results of the evaluation lead to a win-winwin scenario for research sponsors (representing the traveling public), system vendor, and the researchers whose intermediate evaluation result led to a better final product. Lastly, the paper ends with conclusions and lessons learned for the future.
TEST SITE, SYSTEM DESCRIPTION, AND DATA COLLECTION
The test site (crossing) for this study was located on Monroe Street in Hinsdale, Illinois, near the intersection with Hinsdale Ave. At this crossing, three railroad tracks intersect a two-lane, twoway street. The tracks are part of the BNSF network and carry both freight and passenger trains, while the roadway carries a relatively low traffic volume and is located near a T-intersection at the south end of the crossing (6) . The crossing is equipped with a quad gate system and loop detectors embedded in the paved sections control the exit gates. An aerial view and an image of the crossing with the radar units and the detection zones are shown in Figure 1 .
The microwave radar units are modified versions of standard commercial devices typically used for stop-bar detection at signalized intersections. The units at the crossing were modified to have AREMA-compliant power supply and bidirectional vehicle detection, among other features. The radar units were aimed at the same area covered by the loops, thus each one could operate as a stand-alone unit and provided a detection output for each lane: Radar1-Lane1, Radar1-Lane2, Radar2-Lane1, and Radar2-Lane2. Inputs were later combined to generate system-wide status per lane, making use of the detection redundancy.
The data generated by the two radar units (four outputs: two per lane), as well as the outputs from the loop detectors (two outputs: one per lane), were recorded using an input/output (I/O) device installed by the system distributor inside the bungalow adjacent to the grade crossing. An additional variable recorded the presence of a train in the crossing (using the island relay), such that detector calls generated during these periods were not recorded. The precision of the I/O device was 0.1 seconds. Video data was also recorded at the crossing using a video camera installed at one of the upper corners of the bungalow's outer structure.
METHODLOGY
The data was analyzed following the same two-step procedure (6) used for the favorable weather evaluation: First, flags for potential errors were automatically identified by finding discrepancies between activation and deactivation times from loops and radar units using computer algorithms; and second, potential errors were manually verified using video images (ground truth) before being labeled as actual detection errors. It should be noted that not every potential error was turned into a confirmed error. The distinction between the two errors is critical in this evaluation.
System performance was evaluated based on the frequency of four types of detection errors: false calls, missed calls, dropped calls, and stuck-on calls.
Missed Calls
A missed call occurs when a sensor fails to detect a vehicle. In terms of the time stamps, every loop call for which there is no corresponding call from the radar is considered a potential missed call. The algorithm identified loop calls and searched for a call from the radar in a 2-second window before the start of loop call and 2 seconds after the end of the loop call. Potential missed calls were visually verified to determine if they were (true) missed calls. The percentage of missed calls was calculated as the number of missed calls over the total number of loop calls. In practice, missed calls can have adverse safety effects because exit gates can be lowered even when vehicles are occupying the crossing.
False Calls
False calls were classified into the following categories:
 No objects present: False calls placed when there was no vehicle or any other object over the detection zone or in the vicinity (including the adjacent lane) and when the gates were not moving.
 Gates moving: False calls placed when there was no vehicle over the detection zone or in the vicinity (including the adjacent lane) and when the gates were moving or in the down position.  Bicycles and pedestrians: Activations placed by the radar units because of bicycles or pedestrians in the crossing. These calls were tallied only if no other vehicles were in or near the crossing, confirming that the activations were generated by a bicycle or a pedestrian.
The algorithm identified the radar calls and then searched for a loop call placed between 1 second before the beginning of the radar call and 1 second after the call was terminated. The potential false calls were visually verified to determine if they were (true) false calls. The percentage of false calls was estimated as the ratio of the number of false calls to the total number of calls placed by the radar in that zone. In practice, false calls can have adverse safety effects because the exit gates can remain in the up position or can be raised again if a detector call is placed when a train is present or approaching.
In order to provide a fair assessment of the system performance, activations generated by vehicles in the adjacent lanes were not considered false activations. For example, wide turning movements of a vehicle from the T-intersection adjacent to the crossing, which activated the two detection zones, were not considered a detection error after the video images were verified.
Dropped Calls
They occur when radar activations are terminated while vehicles remain present in the detection zone. A minimum drop time of 5 seconds was needed for the error to be flagged as a potential dropped call. Following the same procedure as for other types of error, video images were used to visually confirm dropped calls. Operationally, if a call placed by a vehicle is prematurely dropped, the exit gates may be lowered even though a vehicle is still occupying the crossing area. The percentage of dropped calls was calculated as the ratio of dropped calls to the total number of loop calls.
Stuck-on Calls
A stuck-on call is defined as an activation that continues to indicate the presence of a vehicle when in reality the vehicle has already departed. A minimum stuck-on time of 10 seconds was needed for the error to be flagged as a potential stuck-on call. Stuck-on calls may affect the safety of the crossing because they may prevent the exit gates from being lowered, thus increasing chances of vehicles entering the conflicting areas when a train is present or approaching. The percentage of stuck-on calls was estimated as the ratio of the number of stuck-on calls to the total number of calls from the zone.
It is noted that during a specific analysis period, the total number of individual calls generated by radar and loop detectors may not match exactly even without any detection errors. This was mainly because of the two following situations: 1) vehicles closely following each other-generating a continuous call in the loops but two separate calls in the radar zonesdecreasing the relative number of loop calls compared with the calls from the radar units; and 2) vehicles occupying portions of both traveled lanes, particularly when turning to or from the intersecting street, and resulting in two calls (one in each lane). These situations, mostly observed for the radar zones, resulted in an increase in the relative number of radar calls compared with the calls from the loops.
SYSTEM EVALUATION
The system was first installed in summer 2012, and soon after the research team provided the manufacturer/vendor feedback prior to the actual evaluation. After the modifications to the system based on the initial feedback (this setup is called the "modified setup"), data from favorable and adverse weather was collected and analyzed at the end of 2012 and during 2013.
The evaluation was expected to be conducted with the data from the modified setup. Even though the results from the favorable weather conditions were promising (6), similar expectations were not met when the adverse weather data was analyzed, as shown in Table 1 . The intermediate results (after the modified system set up) showed that:
 False calls increased in heavy snow, dense fog, and heavy rain. Heavy rain had the highest frequency of errors (30.5%).
 Missed calls increased in heavy snow. Vehicles were missed not only by a single radar unit, but also by both units at the same time, thus generating system-wide missed calls (11.7%).
 Stuck-on calls increased in heavy snow, although the frequency of this error type remained lower than 2%. The heavy snow dataset had a combination of snow and ice, with the ice possibly building up on the radar units.
It is noted that non-severe weather (light rain, light snow, and windy conditions) did not result in a significant increase in the frequency of errors. These results were expected given the lower quantity of particles of ice, snow, or water in the air as compared to the severe weather conditions.
TABLE 1 System Performance Using Datasets from the Modified Setup
A detailed description of the errors from each condition in the Modified Setup is out of the scope of this paper and can be found in the complete report of the evaluation (8) . However, additional details on the highest frequencies of errors (false calls in the heavy rain periods) are provided in Figure 2 .
From Figure 2 , a the sudden and marked increase in false calls is observed during brief periods with torrential rain in different days, for which the number of false calls in 5-minute intervals is plotted over time for each radar and detection zone, as numbered in Figure 1 . The time frame in the horizontal axis includes periods before and after torrential precipitation to highlight the local and short effects of this weather condition on the system, and torrential precipitation was defined to be as a minimum 14 inches of rain in a period of 9 minutes based on records form the weather station (the highest precipitation rate was 1.88 inches in 12 minutes). Thus, from the data is clear that the intensity of the precipitation is an important factor in the effects of rain, as expected, and those effects do not last for long time periods. 
SYSTEM RE-EVALUATION
Despite the high error rate in the Modified Setup during adverse weather conditions, it was believed that there was potential for improved performance using the same system but a different set of tuning parameters. The system manufacturer/vendor re-modified the system by January 2014, and the research team collected new data in winter and spring, and completed the analyses of the new data in fall of 2014. More specifically, the vendor implemented the following modifications: The dates, times, and characteristics of the snow and rain data are shown in Table 2 . The selected good weather datasets consisted of six 24-hour periods from the following dates: February 11 and 23, March 30, April 6 and 17, and May 8. Since periods of heavy rain were short, particular care was taken in selecting the beginning and ending times of the datasets using the weather station data as a general guide and making assessments of the severity based on video images from the crossing.
The characteristics of the selected datasets in terms of precipitation rates are similar to those observed in the datasets in the evaluation of the modified setup, making the comparisons between the two setups more meaningful. In the heavy snow dataset, there was a thin layer of ice on the lenses of the video camera, indicating possible ice buildup on the radar units. This condition was similar to that observed in the heavy snow dataset from the modified setup.
It is noted that two main factors were considered decisive to classify a dataset as having light or heavy snow: 1) the highest precipitation rate obtained from the weather station (as seen in Table 2 ), and 2) the visible accumulation of snow to the point that traffic does not expose portions of pavement on the roadway. In the evaluation, it was convenient to have captured an event with heavy ice/snow combination which further helped to differentiate a light from a heavy adverse snow dataset.
TABLE 2 Datasets to Evaluate the Re-Modified Setup
The final performance under favorable and adverse weather is summarized in Table 3 . Note that the evaluation including the modified and the re-modified setups is based on a robust analysis from more than 110,000 radar activations from close to 450 hours of data that were visually verified against ground truth video recordings.
In good weather, the system did not show any significant changes, and this was similar to results observed during light rain and to some extent in light snow, where errors had a slight reduction in the re-modified setup. 
TABLE 3 Performance Comparison of Modified (Previous) and Re-modified (Latest) Setups
Significant improvements were observed in the two most critical conditions: heavy rain and heavy snow. In heavy rain, the frequency of false calls was reduced from 30.5% to 2.6% using datasets that were comparable in time, vehicular and train volume, and in the intensity of the weather condition. In heavy snow, system performance improved in terms of false, missed, and stuck-on calls. False calls were reduced from 3.9% to 0.3%, missed calls by a single radar unit were reduced from 13.5% to 0.3%, and system-wide (simultaneously using the results from the two radar units) missed calls and stuck-on calls were completely prevented compared with 11.7% and 1.75% in the modified setup, respectively. It is noted that the sample size for the comparison of heavy snow was smaller, but enough to make proper assessment, in the re-modified setup (6 hours from a single day) compared with the 35 hours from 5 days analyzed in the modified setup. For the heavy snow condition, the research team was focused on collecting and analyzing datasets with potential ice accumulation on the radar units, as this was a common factor among the datasets with highest error frequencies in the modified setup.
Further details on the comparison between the two setups in terms of false calls are shown in Table 4 . In heavy snow, the system with the re-modified setup eliminated false calls generated without objects in the crossing and also those when the gates were moving, and the few false calls found were caused by pedestrians. Similarly, in heavy rain, the re-modified setup reduced false calls without any objects in the crossing from 30.5% to 1.8%, which was the most significant reduction of false calls. Finally, it is noted that in the process of evaluating the performance of the radar detection system, the activations placed by the inductive loops were also verified. Because discrepancies between loop detectors and radar units were flagged as pointers for potential errors, a human observer (using the videos from the crossing) had to visually confirm that such discrepancies were in fact errors. If discrepancies were observed as a result of false loop activations or vehicles not detected by the loops but detected by the radar units, the loop errors were recorded and tracked. In the datasets listed in Table 1 , loop detectors had two very long stuck-on calls (lasting 6 and 8 hours), observed in two different days in good weather conditions. Also, the radar system detected seven motorcycles that the loops failed to detect, all in good weather conditions. In adverse weather conditions, there were two additional situations where the loop detectors had detection errors: 1) a false call generated by the loops in the two lanes after lighting struck near the crossing during heavy (torrential) rain. The call lasted 35 seconds before it terminated in the two lanes and the loop operation went back to normal; and 2) loops failed to detect two motorcycles that were detected by the radar units. No additional loop detection errors were observed in the datasets with the re-modified setup, shown in Table 2 .
CONCLUSIONS AND RECOMMENDATIONS
This paper presented the results of an evaluation of a dual microwave radar vehicle detection system for grade crossings under favorable and adverse weather conditions including: rain, snow, fog, and wind. The evaluation of the modified system in adverse weather (a setup that had been 
